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AgCdO is one of the most widely used contact materils in the world because of 
its outstanding performance. Nevertheless, due to environmental considerations, it will 
soon be completely forbidden by European environmental directives. Therefore, finding a 
good substitute is of crucial importance. 
Electrical arc erosion plays a crucial role in the reliability and life of power 
switching devices. Depending on the contact material’s behavior in response to an 
electrical arc, surface damage can induce severe changes in contact material properties 
that will impact the power switching device’s functioning. Consequently, electrical arc 
effects and consequences on the contact material suf ce are of first importance. 
In this context, we have focused our research activities on the following axes. 
First of all, in order to better understand AgCdO (Current contact material in 
aerospace industry) and AgSnO2 (Potential candidate to AgCdO substitution) arc erosion 
behaviors, arc erosion experiments, where the power switching devices have been 
subjected to different numbers of arc discharges, have been realized. 
Further, a general macroscopic electrical contact arc erosion model valid for low 
and high currents was developed. To compare model results to experimental data, this 
model describes the complete breaking process of electrical contacts and gives the total 
amount of material removed after one breaking operation. In parallel, arc erosion 
experiments on AgCdO power switching devices have been conducted at high currents (0 
-> 1000 A) in order to validate the arc erosion model. 
 xvi 
Next, using the general arc erosion model, the properties having the greatest 
influence on the electrical arc erosion process have been determined through simulations 
on silver contact material. At this stage, ab initio calculations were needed to obtain 
ranges of variation of certain silver contact materi l properties. 
Finally, an investigation of the trends of changing local contact material 
composition of AgSnO2 on these identified material properties was performed. This study 
was based on ab initio calculations for two different oxide compositions of AgSnO2.  
 
These will allow us to give directions to aid the dsign of a good substitute for 









Since the early 1800’s, electrical contacts have been used as mechanical switching 
devices in electrical devices. Nowadays, they are everywhere and equip power switching 
devices aimed at all kinds of industrial applications: space shuttle, airplane, automobile, 
modern electric apparatuses, etc… As an example, automobiles are made of dozens of 
electrical contacts whereas the last military airbus A 400 M is made of thousands.  
AgCdO is one of the most widely used contact materils n the world because of its 
outstanding performance in power switching devices. However, recent European 
environmental directives tend to forbid its use in order to reduce pollution and human 
health risk. For these reasons, AgCdO is being replac d by some environmentally 
friendly contact materials such as AgSnO2 in the automotive industry. Nevertheless, none 
of those replacement contact materials does meet the requirements relative to the 
aerospace industry where constraints related to a harsh environment are much more 
demanding. Moreover, major evolutions in embedded el ctrical systems, such as the 
replacement of hydraulic and pneumatic systems by electrical systems in aerospace 
industry (flight-by-wire), and the increased emphasis on safety for passengers, require the 
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development of a new generation of contact materials. Therefore, despite exemptions in 
the aerospace industry allowing it to keeping using AgCdO for a limited amount of time, 
finding a good AgCdO substitute is becoming a pressing issue. In this context, this 
research project, whose main objective is to give dir ctions to aid the design of a good 
substitute for AgCdO, is born from a strong partnership between Esterline Power 
Systems (ex Leach International) and Georgia Tech. Esterline is a specialized 
manufacturing company principally serving aerospace nd defense markets where 
Esterline Power Systems is the world leader and largest manufacturer of relays and 
contactors. 
 
Because serious accidents have been caused by contact failures, contact reliability 
is one of the most important factors for the design of such apparatuses. Arc erosion 
induced by the electrical arc at each contact opening and contact closing plays a major 
role in reliability (life of power switching devices) and safety (failure modes and effects). 
Indeed, surface damages resulting from arcing can le d under a certain number of 
operations to contact failure, i.e. the power switching device can not fulfill anymore one 
of the functions it has been designed to due to conta ts welding, contacts destruction, etc.. 
Therefore, a better understanding of the different rosion mechanisms involved with 
arcing is a key factor in the process of designing a  AgCdO substitute. 
  
1.1. Arc erosion: breaking arc and material transfer 
This section aims at describing, based on the Particle Sputtering and Deposition 
model (PSD) developed in a review of arcing effects [1], the electrical arc formation and 
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its related material transfer during the breaking process of electrical contacts. Only 
contact opening is considered in this research project, especially in order to disregard 
bouncing effects while contacts close, as these can create an uncontrollable number of arc 
discharges. 
    
Whenever contacts start separating, because of electrod  surface roughness, the 
current carrying points of contact are reduced to afew points (See Figure 1.1-1). This 
kind of current constriction results in ohmic heating which melts the contact material in 
the vicinity of these constriction points. 
 
Figure 1.1-1: Schematic representation of a static ontact and of a molten bridge formation 
 
On further separation of the electrodes, this molten metal is pulled into a bridge, called 
the molten bridge (See Figure 1.1-1). As the electrode gap increases, the diameter of the 
molten bridge decreases, and, as can be seen with the following equations from [2], the 
voltage drop across the contacts rises due to the incr ase of the contact resistance. 
The voltage drop across the contacts can be written as: 
 4 
 c cV iR=    (1.1) 






ρ π=  (1.2) 
Where ρ  is the resistivity 
            H  is the material hardness  
F  is the holding force 
Then, this molten bridge will be drawn out until it boils at its hottest part at contact 
voltage value corresponding approximately to the boiling points of electrode metals. This 
temperature growth at the contact spot cT  as a function of the contact voltage can be seen 
through the following equation from [2]: 
 2 2 2 70 10c cT T V K= + ×    (1.3) 
Where 0T  is the ambient temperature. 
 
1.1.1. Metallic phase 
Soon after the rupture of the molten bridge, the gap between the electrodes is filled by 
metal vapour coming from the explosion of the molten bridge. Since the gap between the 
electrodes is then so small that the electrical field can reach over about 107 V/cm, the hot 
tip on the cathode acts as a source of thermal electron and field electron emissions. 
Consequently, the tip is a thermal-field (T-F) electron emission source, and then it takes 
as an arc root. The electrons emitted from this tip, while accelerating by the electrical 
field, move toward the anode. And because of inelastic collisions between metallic 
vapour and these electrons, the ionization of metal vapor and the generation of many 
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more electrons can be observed at this stage, i.e., electron avalanches. As a result, the 
metallic phase arc is ignited. 
 
Figure 1.1-2: Schematic diagram of PSD model: Metallic phase 
 
In the metallic phase, the arc takes place in the metal vapor, and the charged particles are 
mainly electrons (emitted from the cathode tip and reproduced by inelastic collisions with 
metallic atoms), metallic ions, and metallic atoms. Electrons, having obtained energy 
from the electrical field, move from the cathode to the anode and will impact in the 
anode: electron sputtering (See Figure 1.1-2). The metallic ions affected by electrical 
field impact in the cathode, which in turn results in the deposition of metallic ions on the 
cathode. As a result, during this metallic phase, th  material transfer is from the anode to 
the cathode. 
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1.1.2. Gaseous phase 
On further separation of the electrodes, higher ionization potential atmospheric ions 
play a larger part in arc conduction mechanisms, which lengthens the arc duration and 
changes its nature. Then, with time, the deposition of metal ions on the cathode and the 
deletion of metal ions through interdiffusion between metal vapour and the surrounding 
gas causes a reduction in the density of metal vapour between the electrodes, even though 
the electron sputtering on the anode surface can compensate for metal vapour loss. As the 
atmosphere gas becomes the main medium between the contacts, it will be ionized if the 
applied power voltage is high enough. As a result the gaseous ions will become 
dominant. The arc, now, begins to transfer from the metallic phase to the gaseous phase 
(See Figure 1.1-3). 
 
Figure 1.1-3: Schematic diagram of PSD model: Gaseous phase 
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In the gaseous phase, as can be seen on Figure 1.1-3, the dominant particles are gaseous 
ions, gaseous molecules/atoms and metallic atoms. During this phase, gaseous ions 
sputtering takes place; this phenomenon is equivalent to that which took place with 
electrons during the metallic phase when the gaseous ions bombarded the cathode. The 
sputtered particles (Metallic atoms) have then enough energy to shift to the anode and 
redeposit on it due to higher cohesive ability between the same particles. As a result, 
during this gaseous phase, the material transfer is rom the cathode to the anode.  
Therefore, based on the PSD model, in a breaking arc, the material is first transferred 
from the anode to the cathode (Metallic phase arc), nd then, if the necessary conditions 
to have a gaseous phase are satisfied, from the catode o the anode (Gaseous phase arc). 
As a result, the net transfer corresponds to the balance of these two opposite processes 
where both gain and loss happen either in the cathode or in the anode for each breaking 
operation.   
 
Further separation of the contacts results in arc extinction, since it causes the circuit 
parameters to drive the arc below its minimum sustaining current. As time passes, the gap 
between electrodes increases to the point where it is so long that, because of the shortage 
of either electron emission or power supply, the discharge process can not produce 
enough positive and negative ions. As a result, the arc terminates.  
Therefore, if the necessary conditions are satisfied, the breaking arc is first ignited in 
the metal vapor, then transfers from the metallic phase to the gaseous phase, and finally 
terminates. It has to be noticed that the arc won’t ccur or will immediately terminate if, 
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in the initial stage or during arcing, either the power supply or the electron emission is 
insufficient. 
 
  To conclude, during one breaking operation of electrical contacts, arc erosion results 
from the combination of: 
- material removal due to vaporization of the electrode’s contact material (mainly 
during the metallic phase arc) 
- material removal because of the ejection of contact ma erial particles from the 
electrode 
- redeposition of vaporized or ejected electrode’s contact material 
 
1.2. Silver Metal Oxide based contact materials 
Silver metal oxide based contact materials (AgMeO) have been used as electrical 
contacts in a variety of switching applications, because they have been long recognized 
for their outstanding performance in make and break lectrical contact applications and 
their good resistance to arc erosion. 
 
1.2.1. AgCdO issue 
Silver cadmium oxide is the silver metal compound that is most widely used as 
electrical contact material as a result of its good arc erosion behaviour over a wide 
current range. Furthermore, its low erosion rate, good weld resistance and low interface 
resistance make it very effective in devices requiring many repetitive operations, like 
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relays and contactors. Consequently, silver cadmium oxide materials are the first choice 
in many contact applications. 
Cadmium, as a heavy metal, has long been known to be very toxic, causing softening 
of bones, growth inhibition, malfunction of kidneys, and infertility. It and its compounds 
are extremely toxic even in low concentrations, andwill bio-accumulate in organisms and 
ecosystems. It is carcinogenic, and it has high mobility in the environment. Due to its 
toxic nature and an increasing environmental awareness, the AgCdO should be replaced 
by a more environmentally friendly material. In orde  to reduce pollution and human 
health risk, the European Union (EU) has restricted the use of cadmium since 1967 and 
issued new European environmental legislation in 2003. 
After almost twenty years of discussion in the electrical contact industry, the 
European Union has finalized several Directives (The End of Live Vehicles (ELV) 
Directive, The Waste Electrical and Electronic Equipment (WEEE) Directive and the 
Restriction of Hazardous Substances (RoHS) Directiv) to restrict the use of cadmium in 
new electrical and electronic equipment by July 2006 [3], [4]. These directives provided a 
temporary exemption for Cd in electrical contacts used in the aeronautic industry. The 
ELV directive concerns equipment in automobiles below 3.5 t. With the RoHS directive, 
the EU covers consumer electrical and electronic devices and restricts the use of mercury 
(Hg), lead (Pb), hexavalent chrome (Cr VI), Cd and some plastic flame retardants. 
Clearly there is a need to replace the existing AgCdO contact materials with Cd-free 
materials having comparable contact properties.  Thus t ere is a need to find contact 
materials that allow one-to-one substitution, without l wering performance.  
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1.2.2. On the way to AgCdO substitution 
A large number of researchers have been studying over the years in order to find out 
the specific material compositions that will produce a contact material having optimal 
performance. Nowadays, following the trend in the European market place to 
manufacture ‘green’ devices, another constraint tham kes the problem even more 
complex is to develop contact materials that are Cadmium free. Years of development by 
contact manufacturers have produced many suitable replacement combinations of silver 
tin oxide, zinc oxide, indium oxide and mixtures of oxide. A large part of this effort has 
focused on materials based on silver tin oxide in the belief that the semi-refractory tin 
oxide particles would provide performance properties, specially resistance to contact 
welding and arc erosion, comparable to those of cadmium oxide; comparable but not the 
same and not as good in terms of overall behaviour.  
Differences in erosion mechanisms and contact properties are mainly due to the 
considerably higher thermal stability of tin oxide and to the fact that CdO is wetted more 
easily by the silver melt than is SnO2. As a consequence, Silver/Cadmium oxide materials 
exhibit a somewhat more favorable overtemperature behavior than Silver/Tin oxide 
materials. Furthermore, many alternative CdO free contacts, particularly silver tin oxide 
(Ag/SnO2), are much more difficult to fabricate because of p or metallurgical properties. 
An earlier review by Shen [5] about the manufacturing difficulties and higher cost of 
CdO free contacts is still true today. Silver cadmiu  oxide with up to 15 % CdO can be 
made very efficiently by internal oxidation or powder metallurgy to include a range of 
physical, mechanical, metallurgical and electrical properties. However, both internal 
oxidation and powder metallurgy processes are complicated by the brittleness of many 
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non-CdO compositions. The most successful CdO substit tion has been based on silver 
tin oxide with various additives [6]. It has been also found that the contact resistance and 
the temperature rise of Ag/SnO2 are higher than those of Ag/CdO in the same conditions, 
so its applications have been limited [7]. But AgSnO2, with different additives to make up 
for its weaknesses, remains the best applicant to substitute AgCdO [8], [6].  
Consequently, although silver/cadmium oxide (Ag/CdO) has been the preferred material 
for contacts due to its excellent performance properties and ease of manufacture into 
many configurations, silver/tin oxide contact materials have begun to replace 
silver/cadmium oxide materials in switching devices such as contactors, circuit breakers 
or relays. But power switching device manufacturers a e still waiting for a better 
substitute. So, to end up with directions to design a good AgCdO substitute constitutes 
one of the main challenges of this research work 
 
1.3. Methodology & outline 
The following action plan (See Figure 1.3-1) has been drawn up in order to 
identify the different research objectives that will lead to reach the main objective: to 
come up with directions to design a good AgCdO substitute. This methodology is based 
on experiments and modeling the electrical arc erosion phenomenon that takes place 
during one breaking operation of electrical contacts, since electrical arc erosion is the 




Figure 1.3-1: Schematic representation of the research action plan 
 
Arcing changes the contact surface and layer local compositions, which in turn 
affects local contact material properties and thus impacts the contact material response to 
arcing. The contact material response to arcing will therefore evolve as a function of the 
number of arcs the electrical contacts will have ben subjected to, and so, as a function of 
the number of breaking operations. Consequently, the first research objective will be to 
better understand AgCdO (the current contact material in the aerospace industry) and 
AgSnO2 (a candidate to AgCdO substitution) arc erosion behaviors whenever those two 
contact materials are used in the same power switching devices as those operating in 
airplanes. And more specifically, through arc erosion experiments where the power 
switching devices will be subjected to different numbers of arc discharges, it will be to 
understand how local composition changes induced by arcing influence material 
properties such as the contact resistance. Those arc rosion experiments will be covered 
in Chapter 2 & 3. 
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The second research objective will then be to develop a general macroscopic 
electrical contact arc erosion model, valid for low and high currents, that will describe the 
whole breaking process of electrical contacts. To compare model results to experimental 
data, this model will have to describe the complete breaking process of electrical contacts 
and will have to give the total amount of material emoved after one breaking operation. 
In parallel, arc erosion experiments on AgCdO power switching devices will be 
conducted at high currents (0 -> 1000 A) in order to validate the arc erosion model. The 
development and validation of this general arc erosion model will be detailed in Chapter 
4. 
The material response to arc erosion mainly depends o  its properties. Therefore, 
the third research objective will be, using the general arc erosion model, to determine 
through simulations on silver contact material the properties having the greatest influence 
on the electrical arc erosion process. At this stage, b initio calculations will be needed to 
obtain ranges of variation of certain silver contact material properties. This will be 
discussed in Chapter 5. 
Once these important contact material properties in the arc erosion process have 
been identified, one question arises: how will a chnge in AgSnO2 composition impact 
these identified contact material properties, and therefore, how will it affect its arc 
erosion behavior? Thus, the fourth and last research objective will consist in investigating 
the trends of changing local contact material composition of AgSnO2 on these identified 
material properties. This study will be based on ab initio calculations for two different 
oxide compositions of AgSnO2. Chapter 5 will deal with this investigation. 
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Finally, Chapter 6 will give the conclusions and pers ctives of this research 
work.   
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CHAPTER 2  




 The formation of an electrical arc while contacts are opening results in changes of 
local surface and layer compositions and morphologies. These surface and layer 
dynamics play a crucial role in the contact material behavior in response to multiple 
electrical arcs. Indeed, the way the surface and the layer change after a certain number of 
arcs will directly impact the contact material properties and will consequently influence 
its response and performance. 
Many studies have been undertaken in order to investigate AgCdO arc erosion behavior 
and to understand what makes AgCdO an outstanding co ta t material under exposure to 
increasing numbers of arcs. Most of these studies are b sed on comparison of arc erosion 
behaviors and contact material properties between AgCdO and some potential candidates 
for different applications: AgSnO2 [3, 4, 6, 8-18], AgSnO2In2O3 [11, 15, 19, 20], AgZnO 
[11, 14], AgNi [11, 12, 16-18], AgW [11, 16], AgCu [12, 16]. A few deal with X-ray 
study of AgCdO [21, 22], with metallurgical study of AgCdO [23], with the effects of 
additives on the microstructure and properties of AgCdO [24], with the thermophysical 
properties of AgCdO [25] and with the effect of arcing on the microstructure and 
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morphology of AgCdO [26-29]. But none of them relats he surface and layer dynamics 
of the AgCdO contact material to its properties of g od resistance to arc erosion, whereas 
defining what makes AgCdO a good contact material is the first and a crucial step in the 
process of designing a good substitute. Therefore, experimental investigations were 
conducted in order to identify and to better characterize the surface and layer 
microstructure changes induced by an electrical arc and how surface and layer dynamics 
work as the number of arcs increases.  
The main purpose of these arc erosion experiments is to better understand how the 
AgCdO contact material surface and layer change with an increasing number of arcs, 
when operated in the same conditions as they are utilized in airplanes, and those, from a 
local composition and a morphological point of view. Effects related to these changes on 
the evolution with the number of arcs of the contact material properties such as the 
contact resistance will also be in the scope of this study. Furthermore, AgCdO arc erosion 
behavior will be described through the two stage model defined by Wan in [14] with new 
definitions of the adjustment and of the quasi-steady states.  
 
2.1. Arc erosion experiments 
In cooperation with our industrial partner Esterline Power Systems, arc erosion 
experiments have been conducted on AgCdO power switching devices in conditions 
similar to operating conditions in airplanes. Five AgCdO electrical contacts have then 




2.1.1. Sample Definition 
The electrical contacts are all composed of a moving electrode and a static one, as 
presented on Figure 2.1-1. 
 
Figure 2.1-1: Pictures of the static and the moving contacts used in this experiment 
 
As can be seen on Figure 2.1-2 below, the particularity of this kind of electrical 
contact is that they have, from their design, two contact interfaces. 
 
Figure 2.1-2: Cut of the moving electrode 
 
Actually, the current being carried by the first bus ar is passing through the moving 
electrode, whenever this one is in a closed position, o finally leave carried by the second 
busbar (See Figure 2.1-1). This is very interesting si ce the moving electrode then plays 
both anode and cathode roles, and we will be able to observe the two kinds of behaviour 
on the same electrode. That is very convenient for he analysis part because it is easy to 
manipulate a small piece such as the moving electrode. Consequently, we will mainly 
focus our work on the moving electrode. 
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From a composition point of view, we are using five test contacts of 90%Ag-
10%CdO (by weight) that were all prepared by powder m tallurgical techniques. The 
process used is sintering. These contacts with silver backings were brazed to copper 
cylindrical pieces so that they could be positioned in the power switching device. The 
moving electrodes were all 22 mm in outer diameter and 3.5 mm in height. 
 
2.1.2. Test Condition and Testing Procedure 
The five contacts have all been tested under the same operating conditions: Supply 
current of 400 A, Circuit voltage of 28 V DC, Ambient: air, room temperature. 
The only difference between these contacts lies in the number of breaking operations 
they have been subjected to. The purpose being to study and understand the effects of an 
increasing number of electric arcs on the contact material, we decided to make the first 
AgCdO sample undergo one “half-cycle” (only one break operation); the second one, 
two; the third one, three; the fourth one, ten and fi ally the fifth one, a hundred half-
cycles. For every arc discharge, the contact resistance was measured. 
Several reasons can explain the decision to work with half-cycles. The most 
important one is that we want to control the number of electric arcs that hit the contact 
material, and operating the contact only during the op ning cycle allows us not to deal 
with the bounces of contacts induced while closing. An uncontrolled number of very 
destructive short arc discharges depending on the number of bounces is then one of the 
main effects of these contact bounces while closing, a d we want to avoid these because 
they are unpredictable. Another reason for using this “half cycle” testing procedure is to 
eliminate mechanical erosion that may occur during the closing of contacts. Indeed, this 
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study intends to study only the contact material erosion due to the arcing phenomenon.  
 
2.1.3. Experimental Set Up 
The experiments were realized at Esterline Power Systems in Niort (France). Pictures 
of the experimental set up can be seen in Figure 2.1-3. 
 
Figure 2.1-3: Experimental set up 
 
The supply current is 400 A and the circuit voltage is 28 V DC. The tests have only 
been conducted under resistive load. 
Here is the scheme of the circuit: 
 
Figure 2.1-4: Experimental system 
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Instantaneous arc current and voltage drops have been reported for each cycle, and the 
average contact resistance over the cycle was calculated. 
 
2.1.4. Experimental apparatii 
Initial observations were made using a binocular microscope with high magnification 
to identify interesting zones to scan. Then, to be more accurate in our analysis, we used a 
Scanning Electron Microscope with an energy-dispersiv  x-ray spectrometer (EDS) to get 
the chemical composition of areas of interest. 
 
2.2. AgCdO Surface Dynamics 
This section is focused on the study of the evolutin of the contact surface with 
the number of electrical arcs under the operating conditions above mentioned. The 
following pictures correspond to the anode behavior on the moving electrode after a 
certain number of electrical arcs. 
 
2.2.1. Experimental results 
Each sample has been studied using the same methodology. The following pictures 
represent arc impacted areas, which have been selected after observations with a high 
magnification microscope and after an EDS mapping of certain parts of the crater (Figure 




Figure 2.2-1: EDS mapping of one part of the crater after one electrical arc (x800) - Anode 
 
The rectangles in Figure 2.2-2 correspond to zones, having some noticeable differences 
from a morphology point of view, which we scanned to get their chemical compositions.  
 
Figure 2.2-2: SEM picture of a characteristic part of the crater after one electrical arc - Anode 
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For each zone, we get as results of the scan the following spectrum (Figure 2.2-3) 
allowing us to identify the composition in elements: 
 
Figure 2.2-3: Chemical composition spectrum relative to zone 1 (Figure 2.2-2) 
 
The element compositions of the different zones are summarized in the following table. 




Zone Ag Cd 
1 88 12 
2 41 59 
3 93 7 
4 96 4 
5 18 82 
6 17 83 
7 92 8 
 
From Figure 2.2-2 and Table 2.2-1, we can group zones by similarities in morphology 
and in chemical composition. They can be sorted into 3 groups: 
- Group I: Zones 2, 5, 6, corresponding to zones where we can observe cavities full of 
spherules whose chemical composition is mainly cadmium oxide. 
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- Group II: Zones 3, 4, 7, corresponding to parts of the surfaces surrounding the holes 
with spherules, to solidified parts of the melting bath and also to deposited droplets. They 
have high silver ratio in composition (above 90%). 
- Group III: Zone 1, corresponding to solidified parts of the melting bath and also to 
areas that have not been impacted by the electrical ar . Their compositions in silver are 
below 90% but they are still close to the original chemical composition of the contact 
material. 
What will change with the number of arcs is the proportion of impacted areas 
belonging to each of these three groups, directly depending on surface dynamics.  
The impacted anode surface after two electrical arcs is shown in Figure 2.2-4. The eroded 
area is approximately 2.2 mm in diameter. 
 
Figure 2.2-4: SEM picture of the crater after two electrical arcs – Anode 
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The same lunar surface we have noticed earlier after on  electrical arc can be observed on 
the close-up of the area limited by the blue frame (Figure 2.2-5). 
 
Figure 2.2-5: Close-up of the blue frame (Figure 2.-4) – Anode 
 














Zone Ag Cd 
1 44 56 
2 42 58 
3 12 88 
4 95 5 
5 90 10 
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Surfaces can be remarked as belonging to the three groups we defined earlier in the case 
of one electrical arc. One big difference here, after two arcs in comparison to one, is the 
trend of an increase in the cadmium ratio of the solidified molten bath (Zone 2). 
Furthermore, zone 3 is the perfect illustration of this trend of an increase in cadmium 
ratio close to the contact surface, and that results in minute molten-droplet splash erosion 
with more cadmium particles in composition. We could have guessed this high cadmium 
ratio in zone 3 by simply looking at the morphology of this deposited droplet where we 
can see granules. 
 
Figure 2.2-6: SEM picture of the impacted area after three electrical arcs – Anode 
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The 2.75 mm long impact, which can be seen in Figure 2.2-6, corresponds to an overview 
of the anodic behavior after three electrical arcs. Figure 2.2-6 demonstrates that the size 
of the cavities evolves with the number of arcs; from one to three electrical arcs, the 
number and mainly the size of the cavities keeps growing. This could be explained by a 
transient state, corresponding to the first few electrical arcs the contact material is 
subjected to, while cadmium oxide particles, under el ctromagnetic forces induced by the 
electrical arc, agglomerate to form bigger clusters. Within the molten bath, these clusters, 
under gravity effects, rise to the contact surface since silver density is about 10.49 g/cm3 
and cadmium oxide density is about 7.28 g/cm3. 
 














Zone Ag Cd 
1 90 10 
2 29 71 
3 93 7 
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Figure 2.2-7:  Close-up of the blue frame (Figure 2. -6) - Anode 
      
The chemical composition of the solidified molten bath gradually oscillates from rich-
cadmium oxide areas close to cavities of granules to rich-silver areas in comparison to the 
original composition in between. The composition of Z ne 1, located in between two 
cavities in Figure 2.2-7, is close to that of the original one (see Table 2.2-3). 
The morphology after ten electrical arcs, as can be seen in Figure 2.2-8, looks different. 
A few cavities can be observed, and their size has stopped growing. Most of them have 
been filled up or covered by the molten metal during solidification. 
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Figure 2.2-8: SEM picture of the impacted area after ten electrical arcs – Anode 
 




Zone Ag Cd 
1 95 5 
2 79 21 
3 73 27 
4 61 39 
5 64 36 
6 93 7 
7 77 23 
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Consequently, the cadmium ratio of the solidified molten bath remains high. This is 
confirmed by Table 2.2-4, since zones including cavities with granules (Zones 3, 4 & 5) 
have, as expected, high ratios of cadmium, but alsozones surrounding these cavities 
(Zones 2 & 7) get important cadmium ratios in comparison to the original composition.  
In addition we still observe a few low mounds (Zone 6) whose composition is mainly 
oxide-depleted metal. This can be explained by the p nomenon of agglomeration of 
cadmium particles that we mentioned earlier that creates deprived cadmium oxide areas. 
Splash erosion and material deposition from the other electrode can be another way to 
explain it. 
 
Figure 2.2-9: SEM picture of the impacted area after one hundred electrical arcs – Anode 
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Zone Ag Cd 
1 87 13 
2 86 14 
3 41 59 
4 53 47 
5 55 45 
6 84 16 
 
The appearance of the impacted surface after one hudred electrical arcs (Figure 2.2-9) 
highlights some changes in surface dynamics. Indeed, w  can first notice that the size of 
the cavities has decreased, which goes with the size of the cadmium oxide clusters. In 
addition, Table 2.2-5 corroborates the fact of a high cadmium oxide ratio at the contact 
material surface. This can be explained by the distribution and the size of the cadmium 
oxide clusters, since they are smaller and finely and homogeneously dispersed within the 
impacted layer. So oxide-depleted areas are rare, as can be seen in Table 2.2-5. 




The way surface dynamics of AgCdO works contributes o good arc erosion 
properties. The contact surface renews itself at each electrical arc, like the skin but not 
with the same features and consequently not with the same properties. As mentioned in 
[14], we can define two states to describe these changes. 
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The first few electrical arcs would correspond to a transient state where we can observe 
agglomeration of cadmium particles in bigger clusters and around the same number of 
impacted surface areas belonging to the three groups defined earlier. This implies 
decreasing viscosity, thermal conductivity and electrical conductivity and increasing 
contact resistance during this phase. 
With increasing numbers of electrical arcs, we reach  quasi-steady state where 
properties oscillate around an average value. During this phase, the size and distribution 
of cadmium oxide clusters change. These clusters becom  smaller and are 
homogeneously and finely dispersed. This gives good contact erosion properties: higher 
viscosity preventing contact material from splash erosion, higher thermal conductivity 
allowing heat to go through the contact layer faster and so, to reduce the temperature 
elevation, higher electrical conductivity giving better electrical features to the contact and 
lower contact resistance preventing the contact from heating up. Furthermore, the high 
cadmium oxide ratio during this phase gives good anti-welding properties. A perfect 
illustration of these two states we just defined can be seen in Figure 2.2-10 where we 
reported the evolution of one property, the contact resistance in this case, as a function of 
the number of electrical arcs. 
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Figure 2.2-10: Evolution of the AgCdO contact resistance with the number of arc (Data shown is the 
average of 5 sets of experiments) 
 
This shows that surface dynamics impact the contact material properties. The growing 
cadmium oxide clusters during the first phase reduc the electrical conductivity and 
consequently, increase the contact resistance. Then, in the second phase, the distribution 
of finely dispersed smaller clusters gives higher el ctrical conductivity and thus, reduces 
the contact resistance. 
Cadmium oxide clusters play an important role in the surface dynamics of AgCdO. 




Figure 2.2-11: SEM picture of a cavity full of granules - Anode 
 
Why? During the arcing process, there is formation of a molten bath of silver with 
cadmium oxide particles in it. Under the agitation nduced by the electrical arc, cadmium 
oxide particles agglomerate to form bigger clusters. Within the molten bath, these 
clusters, under gravity effects, go up to the contact surface, since silver density is about 
10.49 g/cm3 and cadmium oxide density is about 7.28 g/cm3. Then, upon solidification, 
because the temperature of the melting bath corresponds to the melting temperature of 
silver (~962°C) and the decomposition temperature of the cadmium oxide is about 
1000°C, we can observe formation of oxygen bubbles within the molten bath that 
contributes to this granular shape. 
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This expulsion of oxygen during solidification of the molten bath with breakdown of 
cadmium oxide particles [6], and the combined effects of the vaporization of some of the 
cadmium oxide particles (~1385°C) and some of the cadmium particles (~765°C), are the 
reason why we observe these cavities with granules of cadmium oxide. Indeed, these 
clusters at the free surface, under the gaseous expulsion phenomena we mentioned, act 
like smokestacks during the cooling down process of the silver bath, thus preventing the 
surrounding molten silver that has not been resolidified yet from covering and filling up 
these cavities. 
This formation of cavities is enhanced by the fact that molten Ag dissolves 
approximately 40 times more O2 than does Ag in solid state [14]. Upon solidificaton, this 
creates an excess of O2 which is rapidly expelled and contributes to the formation of 
cavities full of granules at the contact surface. 
 
2.3. AgCdO Layer Dynamics 
This section is devoted to the study of the contact material layer dynamics of the 
same samples above analyzed. The following pictures also correspond to the anode 
behavior on the moving electrode after a certain number of electrical arcs. 
 
2.3.1. Experimental results 
In order to study the contact material layer behavior with arcing, all the samples have 
been cut after experiments according to a vertical pl n located at 1 mm from their 
periphery. In Figure 2.3-1, we can see the initial configuration of cadmium oxide 
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particles within the contact material layer before a cing. It comprises some clusters of 
cadmium oxide particles surrounded by some cadmium oxide particles. 
 
Figure 2.3-1: Binocular view of a section of the moving electrode before arcing (25x) 
 
Some zinc particles were randomly deposited at the contact surface before the 
experiments began. Since the vaporization temperatur  of zinc is about 910°C and the 
temperature of the molten bath is about the melting temperature of silver which is about 
962°C, only Zinc as an oxide ZnO will be considered within the impacted layer since its 
decomposition temperature is about 1975°C. The purpose is to use Zinc as a tag in order 
to know more about layer dynamics and the thickness of the impacted layer after arcing. 
 
Figure 2.3-2: Section of the anode after one electrical arc (25x) 
 
The impacted contact surface layer after one electrical arc (Figure 2.3-2) looks 
completely different with respect to Figure 2.3-1. Indeed, it seems that everything moved 
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within the contact material layer. This is confirmed by the presence of zinc oxides in 
Zones 1, 6, 7 & 8 in Figure 2.3-3 and Table 2.3-1. Fewer cadmium oxide clusters can be 
observed. In addition, they are much bigger and ranomly distributed within the layer. 
 
Figure 2.3-3: SEM picture of the section of the anode after one electrical arc 
 
A chemical analysis has been performed on a part of the section of the sample having 
been subjected to one electrical arc (see Figure 2.3-3). The rectangles correspond to 
zones that have been scanned to get their chemical compositions. For each zone, we get 




Figure 2.3-4: Chemical composition spectrum relative to zone 7 (Figure 2.3-3) 
 
All the results describing the element compositions f the different zones have been 
summarized in the following table. 
 












Zone Ag Cd Zn 
1 10 86 4 
2 97 3 0 
3 98 2 0 
4 98 2 0 
5 98 2 0 
6 6 79 15 
7 9 87 4 
8 2 95 3 
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From Figure 2.3-3 and Table 2.3-1, results concerning a part of the impacted contact 
material layer subjected to one electrical arc, we can group zones by similarities in their 
morphology and in their chemical composition. They can be sorted into 2 groups: 
- Group I: Zones 1, 6, 7, 8, corresponding to parts of the layer that have a high cadmium 
ratio in composition and some zinc. These are included within cavities full of granules 
(see Figure 2.3-5), the same as the ones noticed at the contact surface in the former 
section. 
 
Figure 2.3-5: Close-up of the cavity enclosing zone 1 (Figure 2.3-3) 
 
- Group II: Zones 2, 3, 4, 5, corresponding to parts of the layer that have a high silver 
ratio in composition (above 97%). These are surrounding cavities full of granules. 
While performing the chemical analysis, no zinc was found in zones belonging to 
group II with high silver ratio. Furthermore, the presence of zinc oxide as deep as the 
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location of zone 8 allows us to deduce that at least all the initial contact material layer has 
been melted after the first electrical arc. The growth in size of cadmium oxide clusters 
could then be explained by the agglomeration of oxides, zinc and cadmium oxides, under 
moves or flows induced by electromagnetic forces arising from the electrical arc.  
 
Figure 2.3-6: Impacted surface layer after two electrical arcs (25x) 
 
From Figure 2.3-6 & Figure 2.3-7 showing the cuts of the moving contact at the anode 
behaviour after two and three electrical arcs, we can still observe cadmium oxide clusters 
of important size in comparison to their initial one, and we can see that the silver 
underneath layer thickness has been reduced. 
 
Figure 2.3-7: Impacted surface layer after three elctrical arcs (25x) 
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After ten and one hundred electrical arcs, the sections look completely different (see 
Figure 2.3-8 & Figure 2.3-9). 
 
Figure 2.3-8: Impacted surface layer after ten electrical arcs (25x) 
 
Actually, what we observe after ten electrical arcs is many more cadmium oxide 
clusters of smaller size well and finely distributed within the layer. Besides, it is of 
interest that the thickness of this impacted layer has increased.  
 
Figure 2.3-9: Impacted surface layer after one hundred electrical arcs (25x) 
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The section after one hundred electrical arcs confirms the trend of having, within the 
impacted layer, finely distributed smaller cadmium oxide clusters in comparison to their 
size after a few electrical arcs. Moreover, the thickness of the impacted layer stabilized. 
 
2.3.2. Discussion 
Layer dynamics directly impact surface dynamics andvice versa. The layer is the 
source from which the contact material will get its new “skin”, its new contact surface. In 
other words, given that after each electrical arc we have a new contact surface, a good 
understanding of how things change within the impacted layer enables us to better 
understand how things will change at the contact surface and thus, how contact properties 
will evolve with the number of arcs. 
With the increasing number of electrical arcs, we have noticed some changes in terms 
of size and distribution of the cadmium oxide cluster  within the impacted layer. These 
can be thought of as manifestations of the two regim s we defined to describe surface 
dynamics in the former section. 
During the transient state corresponding to the first few electrical arcs, cadmium 
oxide clusters and particles, under electromagnetic forces induced by the arc, 
agglomerate to form bigger clusters and particles. Within the molten bath, these clusters, 
under gravity effects, go up to the contact surface; since silver density is about 10.49 
g/cm3 and cadmium oxide density is about 7.28 g/cm3. This last move of oxides 
contributes to the renewal of the contact surface. At the same time, the volume of the 
contact material impacted by the electrical arcs increases since the border between the 
silver underlay and the contact material layer keeps moving down with the number of 
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arcs up to reach a steady position corresponding to the end of the transient state. This 
configuration with big oxide clusters scales down electrical and thermal conductivities 
through the contact material. Furthermore, that creates prominent areas of oxide-depleted 
metal at the new contact surface, which will reduce the viscosity of the molten bath and 
the anti-welding resistance of the contact. 
This steady volume of impacted contact material reach d signals the beginning of the 
quasi-steady state regime. It consists in damped oscillations of arc erosion properties 
around steady values directly resulting from changes in microstructure configurations. 
Indeed, after a certain number of electrical arcs, the size of the cadmium oxide clusters 
decreases and they get finely distributed. This change in size is mainly due to multiple 
collisions in between them, eased by their important size. This microstructure 
configuration gives a higher viscosity, which protects the contact material from splash 
erosion, and higher thermal and electrical conductivities. During this phase, the 
microstructure configuration of the layer will change back and forth around a steady 
configuration, by agglomeration and then collision f oxide clusters, inducing damped 
oscillation to arc erosion properties of the contact material.  
These two regimes are perfectly illustrated by Figure 2.2-10 where we can see this 








CHAPTER 3  




 The same kind of arc erosion experiments as that realized and described in the 
former chapter have been conducted on the best potential candidate to the AgCdO 
substitution: AgSnO2, first in order to better understand its arc erosion behavior in service 
and second in order to make a comparison with AgCdO. As a consequence, in 
cooperation with our industrial partner Esterline Power Systems, five AgSnO2 electrical 
contacts have been tested under exposure to different numbers of arcs in conditions 
similar to operating conditions in airplanes.  
 From a composition point of view, the five test contacts utilized are made of 
88%Ag-12%SnO2 (by weight) and were all prepared by powder metallurgical techniques. 
The process used was sintering. The five contacts have all been tested under the same 
operating conditions: Supply current of 400 A, Circu t voltage of 28 V DC, Ambient: air, 
room temperature. The first sample has undergone one “half-cycle” (only one break 
operation); the second one, two; the third one, three; the fourth one, ten and finally the 
fifth one, a hundred half-cycles. For every arc discharge, the contact resistance was 
measured.  
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The same analysis scheme has been used in order to first study AgSnO2 surface 
dynamics, and then AgSnO2 layer dynamics. Therefore, the main objective willstill be to 
relate these changes of local surface and layer compositions and morphologies of the 
contact material induced by arcing to the evolution of its properties, such as the contact 
resistance, with an increasing number of electrical arcs. To this end, AgSnO2 arc erosion 
behavior will be described through the same two stage model as the one defined in the 
previous chapter, with new definitions of the adjustment and of the quasi-steady states. In 
addition, a comparison between AgCdO and AgSnO2 arc erosion behaviors will be made.  
    
3.1. AgSnO2 Surface Dynamics 
This section is focused on the study of the evolutin of the contact surface with 
the number of electrical arcs under the operating conditions above mentioned. The 
following pictures correspond to the anode behavior on the moving electrode after a 
certain number of electrical arcs. 
 
3.1.1. Experimental results 
The same methodology that was used for AgCdO surface dynamics analysis has been 
applied for AgSnO2 samples analysis. Therefore, for each of the five samples, EDS has 
first been used on the whole arc impacted area of the anode behavior of the moving 
electrode in order to identify representative and characteristic microstructures and 
chemical compositions. The results of this scan on the first sample, i.e. after one electrical 
arc, can be seen in Figure 3.1-1. 
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Figure 3.1-1: EDS mapping of the crater after one el ctrical arc (x80) – Anode 
 
Based on this EDS mapping of the crater, where each color corresponds to a certain 
material composition, a representative part of this impacted surface (Red frame on Figure 
3.1-2) gathering all the different compositions hasbeen selected for zones analysis. 
 




Figure 3.1-3: Close-up of the red frame (Figure 3.1-2) (x1000) – Anode 
 
The chemical compositions of the seven zones depicted in Figure 3.1-2 & Figure 3.1-3 
have been listed in Table 3.1-1 below. 




Zone Ag Sn 
1 98 2 
2 97 3 
3 65 35 
4 94 6 
5 96 4 
6 85 15 




These zones can then be grouped by similarities in morphology and in chemical 
composition and can be sorted into 3 groups: 
- Group I: Zones 1, 2, 4, 5, corresponding either to silver droplets ejected by splash 
erosion and redeposited on the contact surface (Zone 5) or to resolidified parts of the 
silver molten bath (Zones 1 & 2) or to a part of the granules cavity surrounding (Zone 4). 
They all have high silver ratio in composition (above 94%). 
- Group II: Zone 3, corresponding to a part of the granules cavity with spherules and a 
high tin ratio in composition.  
- Group III: Zone 6, 7, corresponding to ejected silver droplets redeposited on high tin 
ratio composition parts of the crater; explaining a composition close to the original one. 
What will change with the number of arcs is the proportion of impacted areas belonging 
to each of these three groups, directly depending on surface dynamics. 
 
Figure 3.1-4: SEM picture of the impacted area after two electrical arcs (x200) – Anode 
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Zone Ag Sn 
1 33 67 
2 76 24 
3 88 12 
4 79 21 
5 70 30 
 
The morphology of the impacted surface after two electrical arcs (See Figure 3.1-4) looks 
less rough than after one and makes a larger smooth surface appear due to the 
solidification of the molten bath. It can clearly be observed that most of the tin oxide 
spherule cavities (Zones 1 & 5) have been filled up or covered by the molten bath, 
increasing this way the overall tin ratio at the contact surface (Zones 2 & 3). At last, Zone 
4 looks like a redeposited droplet of tin oxide granules covered by molten silver. 
 
Figure 3.1-5: SEM picture of the impacted area after three electrical arcs (x200) – Anode 
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Zone Ag Sn 
1 40 60 
2 47 53 
3 91 9 
 
After three electrical arcs, the impacted surface (Figure 3.1-5) looks even smoother than 
after two. In addition, the different waves of solidification can clearly be seen. This is 
illustrated by Zones 1, 2, & 3 where Zone 1 corresponds to a cavity having plenty of 
granules whose composition is as expected mainly of tin oxide, and Zones 2 & 3, 
respectively depict the first and second wave of molten bath solidification.  
 
Figure 3.1-6: SEM picture of the impacted area after ten electrical arcs (x200) – Anode 
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Zone Ag Sn 
1 96 4 
2 52 48 
3 72 28 
 
In comparison to the former samples, an important roughness of the impacted surfaces 
can be observed after ten and one hundred electrical ar s (See Figure 3.1-6 & Figure 
3.1-7), which means that most of these two impacted ar as have a high tin oxide ratio in 
composition, since granules have not been fully covered. This is perfectly demonstrated 
by Zones 2 & 3 from Table 3.1-4 which correspond to tw  different levels of covering of 
tin oxide granules. Zone 1 is another consequence of splash erosion of silver droplets. 
 
Figure 3.1-7: SEM picture of the impacted area after one hundred electrical arcs (x400) – Anode 
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Zone Ag Sn 
1 76 24 
2 60 40 
3 98 2 
 
This high density of tin oxide granules, noticed from a morphological point of view at 
the contact surface of the impacted area after one hundred electrical arcs (See Table 
3.1-5), is confirmed by the chemical compositions of Z nes 1 & 2. In Zone 3 silver 
droplets resulting from splash erosion can also be seen. 
 
3.1.2. Discussion 
The same two regimes defined earlier to describe the arc erosion behaviour of AgCdO 
can now be applied to explain AgSnO2 surface dynamics. These two states can be 
specified by relating the observed changes in morphology and in composition as a 
function of the number of electrical arcs to the contact resistance measurements taken 
during the arcing experiments (See Figure 3.1-8).  
The first few arcs, where we can notice a slow increase of the contact resistance 
value, would correspond to the transient state. From the former observations on the 
AgSnO2 samples, this increase can be explained by the fact th t the contact surface 
roughness has grown from the beginning with the number of electrical arcs. From a 
chemical composition point of view, this increase in the density of granules at the contact 
surface means a higher tin oxide composition at the electrode surface, which results in 
lowering the electrical conductivity of the contact material. 
 52 
 
Figure 3.1-8: Evolution of the AgSnO2 contact resistance with the number of arc (Data shown is the 
average of 5 sets of experiments) 
 
With an increasing number of arcs, a quasi-steady state is reached, where the contact 
resistance value follows dampened oscillations around a nominal value. This nominal 
value corresponds to a stable configuration from a orphological and a composition 
point of view of the electrode surface that the system tends to reach. 
 
3.2. AgSnO2 Layer Dynamics 
This section is devoted to the study of the contact material layer dynamics of the 
same samples above analyzed. The following pictures also correspond to the anode 
behavior on the moving electrode after a certain number of electrical arcs. 
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3.2.1. Experimental results 
The same methodology as the one applied to study AgCdO layer dynamics has been 
used. Therefore, all the samples have been cut after experiments according to a vertical 
plan located at 1 mm from their periphery, polished an  then analyzed 
The initial configuration of tin oxide particles with n the contact material layer before 
arcing can be seen in Figure 3.2-1. 
 
Figure 3.2-1: Grading of AgSnO2 88/12 
 
The tin oxide particles are homogeneously and finely distributed within the layer. The 
AgSnO2 sample having been subjected to one electrical arc is shown in Figure 3.2-2. 
 
Figure 3.2-2: Section of the anode after one electrical arc (x200) 




Figure 3.2-3: Impacted surface layer after two electrical arcs (x100) 
 
Figure 3.2-3, depicting the impacted surface layer after two electrical arcs, shows a cavity 
of tin oxide granules having been covered upon solidification by the molten bath. 
 
Figure 3.2-4: Impacted surface layer after three elctrical arcs (x200) 
 
Opened and enclosed cavities of tin oxide granules can be noticed in Figure 3.2-4, a 
picture representing the impacted surface layer aft three electrical arcs. 
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Figure 3.2-5: Impacted surface layer after ten electrical arcs (x500) 
 
Some bigger tin oxide particles and some clusters of tin oxide can be seen in the 
surrounding of the electrode surface having been subjected to ten arcs in Figure 3.2-5.  
 
Figure 3.2-6: Impacted surface layer after one hundred electrical arcs (x500) 
 
An important density of tin oxide particles in the vicinity of the contact surface can be 
observed in Figure 3.2-6, displaying a cut of the sample after one hundred electrical arcs. 
This accumulation of tin oxide particles in the surro nding of the electrode surface can be 
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explained by the fact that, under gravity effects, since silver density is about 10.49 g/cm3 
and tin oxide density is about 7.01 g/cm3, oxide particles move up within the molten bath 
to the contact surface.  
 
3.2.2. Discussion 
The layer dynamics behaviour of AgSnO2 can be explained through its relation with 
the evolution of the contact resistance value with the number of arcs taken during these 
experiments (See Figure 3.1-8). 
From the former observations on the cuts of AgSnO2 samples that were subjected to 
1, 2, 3, 10, and 100 electrical arcs, the contact lyer configuration has changed with the 
first few arcs. Indeed, the accumulation of tin oxide particles and the formation of tin 
oxide clusters in the immediate surrounding of the electrode surface have been observed, 
thus modifying the viscosity of the molten bath and its electrical and thermal 
conductivities. During this period called the transie t state phase, this increase in 
viscosity limits material removal by splash erosion. In the same time, these decreases in 
thermal and electrical conductivities due to a higher density of tin oxide particles in the 
vicinity of the contact surface, prevent heat from well evacuating and raise the contact 
resistance value. 
With an increasing number of arcs, due to collision between tin oxide clusters and 
particles during movement induced by the electromagnetic agitation of the molten bath, 
the size and distribution of these tin oxide particles will oscillate around a stable 
configuration. As a consequence, during this period called the quasi-steady state phase, 
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material properties such as the viscosity and the contact resistance will follow dampened 
oscillations around nominal values. 
 
3.3. Conclusion and comparison with AgCdO 
Both AgCdO and AgSnO2 arc erosion behaviours have been described and 
explained by a model consisting of two regimes: 
- A transient state phase corresponding to the first few electrical arcs where for both 
contact materials, the formation of oxide clusters at and in the immediate surrounding of 
the contact surface has been noticed. These clusters ar  bigger and higher in density, as 
far as AgCdO is concerned. This accumulation of oxide particles close to the electrode 
surface results in some changes of the contact material properties, and thus will modify 
the contact material response to arcing. This notably damages its electrical and thermal 
properties since it induces an increase of the conta t resistance due to the fall in the value 
of the electrical conductivity, and it also causes a fall in the value of the thermal 
conductivity. However, the arc erosion properties are enhanced since this accumulation 
of oxide particles raises the viscosity of the molten bath, and therefore reduces material 
removal by splash erosion.  
- A quasi-steady state phase corresponding for both materials to changes of the 
distribution and the size of oxide particles within the contact layer, of the morphology 
and the composition of the contact surface, back and forth around a stable configuration. 
These modifications in the distribution and size of oxide particles result from collisions 
between oxide clusters, in motion because of the electromagnetic agitation of the molten 
bath induced by the electrical arc, and also because of the difference between the value of 
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the oxides density and the value of the silver density. As a consequence of these changes, 
material properties will follow dampened oscillations around a nominal value, which 
corresponds to a stable configuration from a morphological, composition, distribution and 
size point of view of the contact material that the system tends to reach. 
The following plot (See Figure 3.3-1), showing the evolution of the AgCdO and 
AgSnO2 contact resistances with the number of arcs, illustrates the two regimes model. 
 
Figure 3.3-1: Evolution of the AgCdO and AgSnO2 contact resistances with the number of arc 
 
Some differences concerning AgCdO and AgSnO2 behaviours can be noticed on Figure 
3.3-1. First, the AgCdO transient state phase is shorter than the AgSnO2 one. Second, 
AgCdO has a larger slope during this transient state phase than AgSnO2. And finally, the 
nominal value of the AgCdO contact resistance is lower than that of AgSnO2. 
Several factors can explain these differences. First, the initial configuration of 
these two contact materials was not the same. Indeed, AgCdO samples were made of 
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AgCdO 90/10 with big cadmium oxide particles whereas AgSnO2 samples were made of 
AgSnO2 88/12 with small tin oxide particles finely distributed within the layer. Second, 
the thermal properties of these two contact materials h ve some major differences.  
 







As can be seen in Table 3.3-1, the decomposition temperature of CdO is close to the 
melting temperature of Ag whereas the decomposition emperature of SnO2 is much 
larger. Moreover, the boiling temperature of Cd is even smaller than the melting 
temperature of Ag, whereas the boiling temperature of Sn is larger than the boiling 
temperature of Ag.  
These differences in thermal properties can also explain why there are more CdO 
clusters than SnO2 clusters within the layer and at the contact surface nd why the 
AgSnO2 contact surface is rougher than the AgCdO one. 
 
To conclude, the surface and layer dynamics of AgSnO2 and of AgCdO are based 
on the same model: the transient state and quasi-steady state model. However, the 
differences concerning their arc erosion behaviour mainly lie in the differences in their 
thermal properties, and more specifically in the thrmal properties of their oxides. 













Ag -- 962 2162 10490 
Sn -- 232 2602 7360 
SnO2 1625 -- 2250 7010 
Cd -- 321 765 8650 
CdO 1000 -- 1385 7280 
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the key to understand what makes it an outstanding co tact material. The next step is now 
to develop a macroscopic arc erosion model which describes the whole breaking 
operation. This will help us to simulate the arc erosion behaviour of the power switching 
devices used by Esterline Power Systems, and thus to get the total amount of material 
removed due to the electrical arc after one contact opening 
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CHAPTER 4  
COMPLETE  MACROSCOPIC  ARC EROSION MODEL  AND 




Electrical arc erosion plays a crucial role in the reliability and life of power 
switching devices. Depending on the contact material behavior in response to an 
electrical arc, surface damage can induce severe changes in contact material properties 
that will impact the power switching device’s functioning. The arc erosion process 
mainly results from two modes: the vaporization of c ntact material under heat energy 
coming from the electrical arc and the ejection of molten metal droplets induced by 
driving forces such as electromagnetic force, and the Buoyancy and Marangoni effects 
[30-43]. Depending on the range of current under consideration, the contribution from 
each mode can change. Now that we have analyzed the specific arc erosion behaviors of 
AgCdO and AgSnO2 through a series of experiments, the main objectiv is to develop a 
general macroscopic arc erosion model that best describ  the whole breaking process of 
the electrical contacts tested in the previous chapters. 
Different arc erosion models have been developed. Swingler and McBride’s arc 
erosion model describes the electrical contact opening with the formation and the 
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extinction of the electrical arc, but this study has only regard for the vaporization part 
[44]. Ben Jemaa compared pure silver arc erosion experimental data to calculations of the 
evaporated mass resulting from finite element simulations [45]. However, these two 
models can only be valid for low current since the splash erosion contribution, not taken 
into account in any of these two models, grows with current intensity [1, 44, 46-49]. 
Wu’s model [50], based on a kinetic energy approach, was the first to describe sputter 
erosion of electrical contact material and therefor, to simulate arc erosion at high 
currents. Nevertheless, this model completely disregarded the arc formation and 
extinction, and the vaporization part. 
The purpose of this section is to present a complete macroscopic arc erosion model, 
taking into account the two arc erosion modes: vaporization and splash erosion, and 
consequently describing the arc erosion process during a breaking operation under DC 
conditions over a wider current range from the arc fo mation to its extinction. This model 
is based on the coupling of three different models. The first one corresponds to the arc 
energy transport model developed by McBride [44], and it is used to describe the 
electrical arc created during the contact opening. It notably allows us to get the energy 
brought by the electrical arc from one electrode to the other one at any time t of the 
breaking operation, and it drives the simulation time since the simulation stops whenever 
the arc extinguishes. The second one is a thermal model based on Fourier’s law of 
conduction, and its main purpose is to give the temperature distribution within the 
electrode and at the contact surface in the vicinity of the electrical arc impact at any time 
t of the breaking process. Therefore, it provides the size of the molten pool (molten 
contact material) and the amount of material vaporized at any time t of the contacts 
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opening operation. Finally, the last one is a magneto-hydrodynamic model based on the 
mechanics of liquid jets and the theory developed by J. N. Anno in [51] to describe the 
case of a free, viscous inertial jet, and we have adapted it to the case of the formation of a 
molten metal jet subjected to forces induced by the electrical arc. Under certain critical 
conditions, this molten metal jet breaks up and forms molten metal droplets. The total 
amount of contact material removed by this ejection of droplets (Splash erosion) is then 
considered to be part of the material removed by arc erosion. These three models depend 
on each other since for each time step, outputs from one serve as inputs to another one. 
The main output of this complete macroscopic arc erosion model is to give the total 
amount of material removed from the impacted electrode after one breaking operation. 
Furthermore, experiments on AgCdO power switching devices have been carried 
out under DC current and resistive load for five different current intensities: 200, 400, 
600, 800 and 1000 A in order to test the arc erosion model at high current. In this 
objective, white light interferometry has been used to measure the total amount of 
material removed after each breaking operation. Finally, low current model results have 
been compared to McBride’s AgCdO experimental data [44].  
 
4.1. Arc erosion model architecture 
This arc erosion model is based on the coupling of an arc energy transport model, 
a thermal model and a magneto-hydrodynamic model. It calculates the amount of contact 
material removed after one electrical arc corresponding to one breaking operation under 
DC conditions, assuming that all vaporized and eject d molten materials have been 
removed. Indeed, it does not take into account deposition mechanisms. 
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Figure 4.1-1: Diagram of the models outputs and their coupling 
 
Figure 4.1-1 gathers the main interactions between th  three models. It can be noticed 
that the evolution of the current intensity with time given by the arc energy transport 
model is used as input in the magneto hydrodynamic model to calculate the fluctuations 
with time of the electromagnetic force through the br aking process. In the same manner, 
the power density flux through the arc from the arc energy transport model is utilized as 
input in the thermal model in order to get the temprature distribution in the vicinity of 
the arc impacted point of the electrode at any time t. Likewise, the jet tip temperature and 
the molten pool size, derived at any time t from the temperature distribution given by the 
thermal model, are respectively used as inputs of the magneto-hydrodynamic model to 
calculate the buoyancy force and to get the velocity distribution along the jet and the 
critical conditions for this jet to break up at any time t. Those interactions and the 
coupling between the three models are explained in the forthcoming sections where the 
complete arc erosion model is detailed.  
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4.1.1. Arc Energy Transport Model 
The purpose of this model initially developed by Swingler and McBride [44] is to 
provide the amount of energy brought by the electrical arc to the electrode surface under 
study for each time t of the breaking process under DC conditions. It mainly depends on 
input parameters related to experimental conditions such as the current intensity, circuit 
voltage and opening velocity. The power flux density through the arc, the main output of 
this model, will be then used as input of the thermal odel that is further detailed. 
 
Figure 4.1-2: Power dissipation through plasma region 
 
The arc energy transport model considers that the arc is divided into three regions (See 
Figure 4.1-2): the anode region, the plasma region and the cathode region. The power 
dissipation within each of these three regions is computed from the current through the 
region and the potential drop across it. Then, power dissipation through the arc, from 
region to region up to the contact surface, is calcul ted considering two ways of energy 
transport processes that encompass all the mechanisms involved at a microscopic scale in 
the energy transport process: radial and channel transport processes. Radial transport 
processes gather mechanisms which radiate energy equally in all directions such as 
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thermal energy from random bombardment of particles, radiation from de-excitation of 
particles, etc. Besides, channel transport processes account for mechanisms which 
transport energy (channel energy) toward the cathode or anode. In any one arc region, 
energy is channeled to neighboring regions by, for instance, positive ion or electron 
bombardment as they are accelerated through the electric field. 
 
Consequently, the amount of energy available from any particular arc region in a given 
time ∆t is equal to the energy generated in the region plus any energy transported from 
any neighboring regions by the two transport processes. The power flux density out of the 















Where k1 is the proportion of energy radially dissipated 
            k2 = 50% related to the channel transport process 
lp is the distance between the point source and the plasma boundaries 
ra is the arc radius to axis 
Pa is the power input from the anode region 
Pp is the power dissipated from the point source in the plasma region 
Using another control term k3 instead of k2 in equation 4.1, the power flux density out of 
the plasma region transporting energy towards the anode can be found. 
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Figure 4.1-3: Arc power output for I=9A 
 
Therefore, by assuming that only energy dissipated through the arc root is transported to 
the electrode surface and that all other energy generated by the arc is lost to the 
environment, the total power dissipated in the arc is used as an energy input for the 
thermal model. Model results of the total power dissipated in the arc for I=9A shown on 
Figure 4.1-3 show good agreement with experimental data [44]. 
 
4.1.2. Thermal Model 
The purpose of this model is to describe the energy dissipation coming from the 
electrical arc through the electrode and to give at any time t of the breaking process the 
temperature distribution near the arc impact locatin. It consists of a transient axi-
symmetric thermal conduction model within the electrode, based on Fourier’s law, whose 
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heat energy input is the power flux density output from the arc energy transport model 
acting at the center of the electrode. It can be seen on Figure 4.1-4.  
 
Figure 4.1-4: Meshing scheme 
  
The finite differences method has been used to solve the heat equation in cylindrical 
coordinates on the meshing scheme presented on Figure 4.1-4. Taking into account phase 
changes, heat and temperature gradients can be computed by writing the thermal 










 is the rate of change of the heat density at a given position 
.q∇   is the heat flow divergence across that position  
And Fourier’s law of conduction: 
 q k T= − ∇  (4.3) 
Where T∇  is the temperature gradient 
k  is the thermal conductivity 
The energy density equations for each node of the meshing presented in Figure 4.1-4 are 
then derived. However, depending on the location of the node under consideration in the 
meshing, boundary conditions are different. Therefore, several cases have to be 
discussed. 
4.1.2.1. Case of interior nodes 
This is the most general case where an interior nodal point i is located in the 
middle of the meshing (See Figure 4.1-5), i.e. thisnode does not belong to the outside 
square on Figure 4.1-4. 
 
Figure 4.1-5: Heat transfer scheme for interior nodes 
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Node i is surrounded by nodal points j, k, l and m. The dashed boundary around node i is 
the cross-section of a ring around the z-axis. The radial position of node i is ri, the 
thickness of the ring in the r-direction is ∆r and the height of the ring in the z-direction is 





2 2ik im i i i
r r
A A r r r r j rπ π π π∆ ∆   = = + − − = ∆ = ∆      
 (4.4) 
The volume Vi of the ring is the product of the area of the base tim s the height of the 
ring as given by: 
 ( )22 2i im iV A z r r z j r zπ π= ∆ = ∆ ∆ = ∆ ∆  (4.5) 
An energy balance for system i is given by: 
 0 ii ij ik il im
E
V q q q q
t
∆= + + + +
∆
 (4.6) 
The axial conduction terms qim and qik are given by:  













The radial conduction terms qij and qil are obtained from the analysis of steady-state one-
dimensional conduction in a thick-walled cylinder. The heat-transfer rate qij through a 
cylinder of inside radius rj, outside radius ri, inside temperature Ti, outside temperature Tj
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Substituting the four rate equations into the energy balance gives 
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Consequently, the change in the amount of energy density on system i in a time step t∆  
is given by 
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4.1.2.2. Case of the impacted element 
This node i corresponds to the arc-impacted point of the electrode located at r=0 
and z=0 in the meshing presented in Figure 4.1-4. 
 
Figure 4.1-6: Heat transfer scheme for the impacted element 
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Then, using the same methodology, the change in the amount of energy density on 
system i in a time step t∆  relative to this case shown on Figure 4.1-6 is given by 
 ( ) ( ) ( )
( ) ( )(
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
 (4.12) 
4.1.2.3. Case of bottom layer nodes 
In this case, node i belongs to the bottom side (r=0) of the outside square of the 
meshing presented in Figure 4.1-4 minus its extremii s. 
 
Figure 4.1-7: Heat transfer scheme for bottom layer nodes 
 
The change in the amount of energy density on system i in a time step t∆  relative 
to this case shown on Figure 4.1-7 is given by 
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4.1.2.4. Case of top layer nodes 
The node i in this case belongs to the upper side of the outside square of the 




Figure 4.1-8: Heat transfer scheme for top layer nodes 
 
The change in the amount of energy density on system i in a time step t∆  relative 
to this case shown on Figure 4.1-8 is given by 
 ( ) ( )
( ) ( ) ( )













E r T T
z r j ln j ln
j j
r T r T
 
 ∆ ∆∆  ∆ = − ∆ −
       ∆ ∆ − − − −       
        
+ ∆ + ∆

 (4.14) 
4.1.2.5. Case of left side nodes 
The node i here belongs to the left side (z=0) of the outside square of the meshing 
presented in Figure 4.1-4 minus its extremities. 
 
Figure 4.1-9: Heat transfer scheme for left side nodes 
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The change in the amount of energy density on system i in a time step t∆  relative 
to this case shown on Figure 4.1-9 is given by 
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4.1.2.6. Case of right side nodes 
In this case, node i belongs to the right side of the outside square of the meshing 
presented in Figure 4.1-4 minus its extremities. 
 
Figure 4.1-10: Heat transfer scheme for right side nodes 
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The change in the amount of energy density on system i in a time step t∆  relative 
to this case shown on Figure 4.1-10 is given by 
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4.1.2.7. Case of the first element 
This node corresponds to the node in the upper left corner of the outside square of 
the meshing presented in Figure 4.1-4. 
 
Figure 4.1-11: Heat transfer scheme for the first el ment 
 
The change in the amount of energy density on system i in a time step t∆  relative 
to this case shown on Figure 4.1-11 is given by 
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4.1.2.8. Case of the last element 
This node corresponds to the node in the bottom right corner of the outside square 
of the meshing presented in Figure 4.1-4. 
 
Figure 4.1-12: Heat transfer scheme for the last elment 
 
The change in the amount of energy density on system i in a time step t∆  relative 
to this case shown on Figure 4.1-12 is given by 
 
( ) ( )
( ) ( ) ( ) ( )( )2 2 2 22 2 2 4 2 4i m l ik tE r T z T r z T
r z
∆  ∆ = ∆ + ∆ − ∆ + ∆
 ∆ ∆
  (4.18) 
 
Finally, the last case corresponds to the node located in the upper right corner of 
the outside square of the meshing presented in Figure 4.1-4. This node is considered to 
act as a heat sink from which heat is lost to enviro ment. As a consequence, its 
temperature is fixed to 300 K.  
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Knowing the changes in the amount of energy of all the elements, the temperature 
distribution in the vicinity of the arc impacted point of the electrode can then be obtained 
by following the procedure described on Figure 4.1-13 for each new thermal state E(i).  
 
Figure 4.1-13: Flowchart describing the procedure to get the temperature from the thermal state 
where Lm & L v are respectively the latent heat of fusion and vaporization and c the specific heat. 
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The thermal model then gives temperature profiles, such as the one shown on Figure 
4.1-14, at each time t of the breaking process in a slice of the contact material represented 
on Figure 4.1-4. The temperatures of all the elements which have been vaporized during 
the breaking process are set to 0 K at the end of the simulation in order to have a 
graphical representation of the total amount of contact material removed by vaporization 
after one contact opening.  
 
Figure 4.1-14: Temperature distribution at the arc extinction (I = 9 A, V = 64 VDC, S = 1 m/s) 
 
This model output is used to deduce the molten poolsize at each time step and the total 
amount of material vaporized after one breaking operation. Since deposition mechanisms 




4.1.3. Magneto-hydrodynamic Model 
The interaction of the material and the heat source leads to rapid heating, melting and 
vigorous circulation of the molten metal driven by uoyancy, surface tension and 
electromagnetic forces [30]. The purpose of this model is to obtain the amount of contact 
material ejected through the splash erosion process. Indeed, whenever the contact 
material starts melting, this model considers the formation of a molten metal jet at the 
contact surface center of the molten pool and along the z-axis. Assuming that this molten 
metal jet behaves as a free viscous jet, it keeps growing under the influence of driving 
forces induced by the electrical arc during the breaking operation. In Figure 4.1-15, 
where the liquid jet can be seen at time t, the molten pool surface (at z = 0) is assumed to 
correspond to the contact surface of the electrode un r study. 
 
Figure 4.1-15: Scheme of the molten metal jet 
 
 80 
Whenever this liquid jet reaches critical conditions of stability, a droplet comes off the 
molten metal jet tip and is ejected. All the ejected droplets after one breaking operation 
are assumed to constitute the splash erosion part of the arc erosion, since deposition 
mechanisms are disregarded in this study. 
4.1.3.1. Molten pool driving forces 
During the breaking process, molten metal is driven by gravity, buoyancy, surface 
tension and electromagnetic forces [30-43]. In this model, only surface tension is 
assumed to prevent the molten metal jet from growing a d therefore, the three other 
driving forces are considered to be working together o make it grow. 
The buoyancy force, induced by the density change with the spatial temperature 
distribution, is given by: 
 ( )Buoy mF g T Tρ α= −  (4.19) 
Where g is the standard gravity 
ρ is the density   
α is the thermal expansion coefficient 
mT is the melting temperature 
T is the molten metal jet tip temperature 
Therefore, the buoyancy force at time t depends on the value of the molten metal jet tip 
temperature at time t, which is an output of the thermal model developed in the previous 
section. This molten jet tip temperature is assumed to be the temperature at the center of 




The electromagnetic force resulting from the interaction between the current flow 
and its self-induced magnetic field, is given by: 





is the current density 
B

is the self-induced magnetic flux  
Then, in order to derive the expression of the electromagnetic force, we used the study of 
Kumar and DebRoy [52] where they calculated the thre-dimensional electromagnetic 
force field during arc welding. Thus, under the same assumptions, the z-component in the 
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 = = − − −   
    
  (4.21) 
Where mµ is the magnetic permeability of the material 
            i is the current intensity 
         l is the thickness  
         d is the current density distribution factor 
 ar is the arc radius 
However, in our model, we need the value of the electromagnetic force at the center of 
the electrode. Therefore, the force at the center of the electrode is obtained through a 
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  (4.22) 
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=   (4.23) 
It can clearly be seen that the electromagnetic fore at time t depends on the value of the 
intensity at time t, which is an output of the energy transport model developed in the 
previous section. 
4.1.3.2. Axial velocity distribution 
In order to describe the formation and the evolution of the molten metal jet during 
the breaking process, the axial velocity of the jet tip at each time step needs to be derived. 
To this end, we used the theory about free viscous inertial jets developed by J. N. Anno in 
[51] and adapted it to the case of a molten metal jt subjected to forces induced by the 
electrical arc. 
 
Figure 4.1-16: Differential element of the molten metal jet 
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First, the momentum equation for the molten metal cylindrical jet can be 
developed by evaluating the forces acting on a differential element of the jet (See Figure 
4.1-16). Considering this element as a control volume and the case of steady flow, 




F wv dAρ= ∆∑ ∫

 (4.24) 
The different forces acting on this differential element are: 
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 (4.25) 
• The force due to the shear stress on the surface of the differential element 
 2 0 0( ) 2control j
volume
F LateralSurfaceArea r zτ π τ= = ∆   (4.26) 
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 (4.28) 
Consequently, the Newton’s second law gives: 
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Then, dividing by z∆  and taking limits, we get the momentum equation for the liquid jet: 
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µπρ π τ τ π ρπ α
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 ∂ ∂= + + + − + ∂ ∂  
∫ ∫  (4.30) 
However, the conservation of flow rate equation is: 
 2 20 0j jr w r wρπ ρπ=  (4.31)  
Therefore, considering the molten metal jet as a free jet, 0 0τ =  and assuming that 
( )w w z=  only and that ( )zz zz zτ τ=  only, combining Equations 4.30 & 4.31 gives the 
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 (4.32) 
Now expressing stresses as a function of the axial nd radial velocities and as a function 
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And the stress component τrr can also be expressed as a function of the surface tension γ:  
 rr
jr
γτ = −  (4.35) 









Where ( )jr z and ( )w z  are related by the conservation of flow rate equation (Equation 
4.31). Therefore, substituting Equation 4.36 into Equation 4.32 gives the following 
differential equation for ( )w z : 
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 ∂ ∂ ∂ ∂ = + + + − +  ∂ ∂ ∂ ∂   
 (4.37) 
Where w is the axial velocity 
µ is the molten metal viscosity  
γ is the surface tension  
0jr is the molten pool radius 
0w is the velocity at the contact surface 
Solving this non linear differential equation (Equation 4.37) allows us to get the axial 
velocity distribution of the molten metal jet. 
 
In order to compare this result with what Anno found i  the case of a free viscous 
inertial jet, Equation 4.37 has been put into dimensio less form, where W is related to the 
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    = + − +         
 
Where it can be noticed that parameter ς  depends on the current intensity  at time t, 
which is an output of the arc energy transport model, and on the jet tip temperature and 
the molten pool radius at time t, which are outputs of the thermal model. 







ς = + − − 
 
 (4.39) 
Therefore, only a square root difference with Anno’s result can be observed. 
4.1.3.3. Jet stability conditions 
During the arcing process, the molten metal jet keeps growing until it reaches a 
critical length after which a droplet will form. Now that we know the axial velocity 
distribution, it is important to define the critical conditions under which there will be 
formation of a droplet, and thus ejection of contact material. To this end, we used the 
theory about an analysis of the conditions for instability of a viscous cylindrical jet 
developed by J. N. Anno in [51], where he got a result identical to that obtained by 
Weber [53]. 
Therefore, critical conditions of formation of a droplet in the arcing case are 
derived as an extension of this theory based on an integral form of the conservation of 





2 2i i ij j i j jV S S V V
X u dV n u dS u n q dS q dV RdV
t
ρ τ ρ ρ∂   + − − − =   ∂   ∫ ∫ ∫ ∫ ∫
 (4.40) 
Where iX  is the generalized body force 
ijτ  is the stress tensor 
iu  is the velocity component in the i
th direction 
jn  is the projection of the outward unit normal to the surface in the j
th direction 
i iq u u=  
R  is the viscous energy dissipation, given by ( )( ), , , ,2 i j j i i j j iR u u u u
µ= + +  
Let’s consider the following particular form of axial disturbance on the cylindrical molten 
metal jet, frequently termed a “sausage” perturbation: 
 ( )coss ur r t k zλδ= +  (4.41) 
Where ur  is the radius of the unperturbed cylinder 
( )tδ  is a small time-dependent disturbance amplitude 
2kλ π λ=  is the wave number, λ  being the wavelength of the perturbation  
This perturbation from the equilibrium cylindrical jet is sketchd in Figure 4.1-17. It has 
































Figure 4.1-17: Cylindrical molten metal jet with axial disturbance 
 
Then, performing the integrations on a stationary control volume such as the unperturbed 
jet, a cylinder of radius ur  and length nλ  where n is an integer, the different terms of the 
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Thus, the integral equation energy leads, after cancellation, to the following non-linear 
differential equation (where uk rλη = ): 
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 (4.44) 
It can be shown that the former differential equation (Equation 4.44) has the same 
pseudo-period as the following second order linear differential equation: 
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+ − − =  (4.46) 
Now assuming the case of a very viscous jet such that( )22 33 2 2 uk rλµ ρ γ ρ≫ , we have 





= −  (4.47) 
However, from [51, 54], the jet breakup time may be taken as: 





= ≅ =   (4.48) 
Consequently, considering the highest value for ω  corresponding to 0η =  in order to 
work with the shortest breakup time possible, and thus to be in the worst arc erosion 
conditions, we come up with this new stability condition result corresponding to the 









=  (4.49) 
Where 0jr  is the molten pool radius 
µ  is the molten metal viscosity  
γ  is the surface tension 
The molten pool radius can be deduced at each time step of the simulation from the 
temperature distribution within the electrode, and is then an output of the thermal model. 
Whenever this critical time is reached in the simulation, it is considered that a spherical 
molten metal droplet is formed, whose radius is given from [51] by: 
  0 2 jcR r=   (4.50) 
Where jcr  is the jet radius at breakup 
Therefore, the amount of material removed by splash erosion during one breaking 
process consists in the sum of all the ejected molten metal droplets during one simulation 




m Rπρ= ∑  (4.51) 
Finally, the sum of all contact material removed by vaporization and removed by 
splash erosion corresponds to the total amount of conta t material removed by arc erosion 
during one breaking operation. 
 
4.2. Arc erosion experiments 
In cooperation with our industrial partner Esterline Power Systems, high current 
arc erosion experiments have been conducted on AgCdO power switching devices in 
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conditions similar to operating conditions in airplanes. The main purpose of these 
experiments is to obtain the total amount of materil removed by arc erosion for different 
current intensities. Therefore, five AgCdO electrical ontacts have been subjected to one 
breaking operation under DC current at 200, 400, 600, 800, & 1000 A. White light 
interferometry has then been used to measure the total amount of material removed by arc 
erosion. 
 
4.2.1. Sample Definition 
The five power switching devices are the same as the ones described in Chapter 2. 
They are all composed of a moving contact and a static one (See Figure 4.2-1) 
 
Figure 4.2-1: Pictures of the static and the moving contacts used in this experiment 
 
From a composition point of view, test contacts of 90%Ag-10%CdO (by weight) that 
were prepared by powder metallurgical techniques have been used. The process used is 
sintering. These contacts with silver backings were brazed to copper cylindrical pieces so 
that they could be positioned in the power switching device. 
 
4.2.2. Test Condition and Testing Procedure 
The five contacts have all been tested under the same operating conditions: circuit 
voltage of 28 V DC, ambient air, room temperature, resistive load. The only difference 
between them lies in the current intensity they have been subjected to. The purpose being 
to compare experimental to model results, we have made our samples undergo one “half-
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cycle” (only one break operation) at five different i ensities: 200, 400, 600, 800, and 
1000A. This procedure allows us to analyze the impact resulting only from one single 
electrical arc. 
 
4.2.3. White Light Interferometry 
The morphology of each of the arc impacted surfaces has been measured using a 
white light interferometer. Figure 4.2-2 and Figure 4.2-3 show respectively a top view 
and a 3-D view of the electrode surface, resulting from white light interferometry 
measurements, after one breaking operation at 600 A and 28 VDC.  
 
Figure 4.2-2: WLI picture of an arc impact after one breaking operation (600 A, 28 VDC) 
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It can clearly be seen on these two figures that the electrical arc has moved during contact 
opening, from the bottom to the top of Figure 4.2-2 and from the left to the right of 
Figure 4.2-3. This is another proof of the arc root m bility. 
 
Figure 4.2-3: 3D view of Figure 4.2-2 
 
Then, based on these morphology measurements and using Vi ion (Veeco software), the 
total volume of contact material removed has been computed. Finally, the total mass of 
contact material removed by arc erosion for each sample is obtained by multiplication by 
the contact material density.  
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4.2.4. Comparison between model and experimental results 
Arc erosion simulations have been performed on AgCdO contact material at different 
current intensities in order to make a comparison between model results and our high 
current experimental data. For the sake of the arc erosion simulations on AgCdO, we 
assumed homogeneous material properties (Surface tension, viscosity, etc.) reflecting the 
global behaviour of the contact material under study. Total masses of AgCdO material 
removed by arc erosion during the breaking process for different intensities from the 
model are plotted on Figure 4.2-4 and compared withexperimental data at high currents.  
 
Figure 4.2-4: High current experimental data and model results of AgCdO arc erosion 
 
First, a good fit in between model results and experimental data at high current can be 
observed on Figure 4.2-4. This therefore validates th  arc erosion model at high current. 
Second, a sudden increase of the arc erosion slope can be noticed from 800 to 1000 A. 
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This phenomenon is not new and has already been observed and explained by Wu [50]. 
Indeed, it mainly comes from the fact that splash erosion does not linearly change with 
the variation of arc current, but exhibits abrupt increases due to sudden ejections of 
molten metal droplets of bigger size. 
Experimental data from the McBride paper [44] relative to some arc erosion experiments 
on AgCdO electrical contacts at low current have also been compared to model results 
(See Figure 4.2-5). 
 
Figure 4.2-5: Low current experimental data [44] and model results of AgCdO arc erosion 
 
A good agreement between model results and experimental data can be seen on Figure 




A complete macroscopic arc erosion model describing o e breaking operation 
under DC current has been developed and validated at low and high current on AgCdO. 
This arc erosion model, which describes the whole breaking operation, results from the 
combination and coupling of three different models: an arc energy transport model, a 
thermal model, and a magneto-hydrodynamic model. Since t takes into account the two 
arc erosion modes, vaporization and splash erosion, it can simulate breaking processes for 
a wider range of current than former existing models.  
Furthermore, this arc erosion model can be used to simulate the arc erosion 
process of any kind of contact material since it is based on general arc erosion 
phenomena, vaporization and splash erosion, describing the arc erosion process during 
contact opening for any kind of contact material. Consequently, it could be used to 
compare the arc erosion ability of different contact materials with the objective to find the 
best substitute to AgCdO. 
  In the next Chapter, this model will be used in order to evaluate the contact 
material properties and composition influences on the electrical arc erosion phenomenon. 
In other words, what will be the effects of a change in oxide composition of the contact 
material on the total amount of material removed after one breaking operation? How 




CHAPTER 5  
MODELING  OF THE  CONTACT  MATERIAL  PROPERTIES &  





The general electrical arc erosion model developed in Chapter 4 has been used in 
a certain way to get closer to the objective of designing a good AgCdO substitute. The 
methodology has two stages. The first step of this study consists in determining a 
classification of the contact material properties’ influence in the arc erosion process. To 
this end, ab initio calculations are used to determine characteristic anges of variations of 
contact material properties over a significant interval of temperatures. Then, based on 
these ab initio results, the complete arc erosion model is used to es ablish a ranking, 
which is a key factor in the design of a good AgCdO substitute. The second step consists, 
based on this new ranking, in determining the consequences for one of these ranked 
properties of a change in tin oxide composition of the contact material. To reach this 
goal, ab initio calculations are run on two AgSnO2 compositions.   
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5.1. Contact material properties influence 
In contrast to low current, high current arc erosion s mainly driven by splash 
erosion. In the previously described arc erosion model (Chapter 4), splash erosion is 
governed by three forces: Buoyancy FBuoy(ρ,α), Electromagnetic FElec(µm), and Surface 
tension FSurf(γ). This is why the following study will be focused on the four contact 
material properties related to the forces that act on he molten metal pool to induce the 
formation of the molten metal liquid jet during the splash erosion process: density ρ, 
surface tension γ, thermal expansion α and magnetic permeability µm. Furthermore, this 
study has been conducted on Ag, because we know the evolution of its surface tension 
coefficient as a function of the temperature [55]. 
 1( . ) 1207 0.228 ( )Ag mN m T Kγ
− = − ×  (5.1) 
 
5.1.1. Force contributions 
Arc erosion simulations have been run on the single phase material Ag in order to 
identify the different contributions of forces (See Figure 5.1-1). 
The total contact material erosion after one breaking operation has been plotted as a 
function of the current intensity for four different cases: the complete arc erosion model 
(to be used as a Reference state) and experimental cases without the electromagnetic 




Figure 5.1-1: Forces contribution on Ag arc erosion process 
 
Two main conclusions can be drawn from this graph. First, for this range of 
intensities (0, 1100A), the electromagnetic force has no impact on the contact material 
erosion. This can be explained by the low magnetic permeability value of Ag with respect 
to the considered range of intensities. Consequently, the arc erosion effects due to a 
change in magnetic permeability of the contact material can be neglected in comparison 
to the other contributions. Indeed, the material under study has no magnetic properties, 
and the effect of this contribution on the arc erosion process is very small. Second, as 
expected, the surface tension and the Buoyancy forces play important roles in the splash 
erosion process. So, contact material properties such as density, thermal expansion and 
surface tension coefficients become first order parameters in the arc erosion process. 
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5.1.2. Ab initio 
Ab initio simulations have been run on a single phase contact m terial Ag matrix (See 
Figure 5.1-2 below) in order to determine intervals of variations of its density and its 
thermal expansion coefficient over the same characte istic temperature range. 
 
Figure 5.1-2: Supercell of FCC Ag pure compound 
 
5.1.2.1. Description 
In this work, density functional theory (DFT) [56, 57] calculations have been used 
to determine the evolution with temperature of the density and the thermal expansion 
coefficient. The Kohn-Sham equations are solved in a plane-wave basis set, using 
Vanderbilt ultrasoft pseudopotentials [58, 59] to describe the electron-ion interaction, as 
implemented in the Vienna Ab initio Simulation Package (VASP) [60-62]. Exchange and 
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correlation are described by the Local Density Approximation (LDA). We use the 
exchange correlation functional determined by Ceperl y and Alder [63], and 
parameterized by Perdew and Zunger [64]. The electroni  configuration of the silver 
atom is [Kr]3d104s1. The kinetic energy cutoff for the plane-wave basis set is 200 eV. The 
convergence for energy has been chosen as 10−4 eV between two ionic steps. In the first 
step, the Face Centered Cubic structure of Ag is optimized. In the calculation of the bulk 
properties of Ag, a (18x18x18) k-points mesh is used, which corresponds to 195 
irreductible k points in the first Brillouin zone [65].  When the external pressure is zero, 
the lattice parameter is a0=4.0227Å (experimentally 4.09 Å) [66]. The error of -1.6% is 
correct with this approach. As a second step, a supercell is built by a (3x3x3) duplication 
of the conventional cell. The supercell contains 108 atoms of silver. We fix the 
temperature and the lattice parameter (volume is fixed). We choose 5 femtoseconds as the 
time step for an ab initio molecular dynamics and we simulate 500 steps of dynamic. The 
energy minimization method is the Residual Minimization Method Direct Inversion in 
the Iterative Subspace (RMS-DIIS). Finally, we have reduced the criterion of the 
energetic convergence to 0.001 eV and these calculations only use one k point (Gamma 
point). 
5.1.2.2. Methodology 
The average of external pressure on the cell is calculated. The external pressure 
varies around an average value. If the average of pressure is negative, the volume of the 
cell is too large. On the contrary, if the average of pressure is positive, the volume of the 
cell is too small (See Figure 5.1-3). 
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Figure 5.1-3: Pressure evolution with the lattice parameter and the temperature. The points 
represent the atomic positions during a few steps of the simulation 
  
The 300 first steps are only thermalization steps, where the system goes towards the 
equilibrium state. The average is based on the 200 last steps.  
 
Figure 5.1-4: Variation of the external pressure with the number of dynamic steps (black line) and 
the average calculated with the last 200 steps (red dashed line) where the temperature is fixed and 
the lattice parameter is fixed 
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Figure 5.1-4 displays the evolution of the external pressure at 600K with the number of 
steps when the lattice parameter of the supercell is 3a0. We can reproduce the same 
calculations with different values of the lattice parameter (Figure 5.1-5).  
 
Figure 5.1-5: Variation of the pressure with the lattice parameter when the temperature is equal to 
600K (points) and data fitting with a polynomial form 
 
The lattice parameter at this considered temperature is obtained when the average of 
external pressure is equal to zero. When the average of external pressure is small (-20kB 
< P < 20kB), a linear interpolation of these values can be performed (Figure 5.1-5). The 
last calculation is performed using this interpolated value in order to verify if this lattice 
parameter value corresponds to the equilibrium lattice parameter at the considered 
temperature. 
5.1.2.3. Results 
The results of these simulations are presented in Table 5.1-1. We have done a 
rescale of the lattice parameter because the values of the lattice parameter obtained at 0K 
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by the static approach and the dynamic approach are slightly different. However, the 
rescaled density is 1.3% lower than the not rescaled density. 
 
Table 5.1-1: Evolution of the lattice parameter (no rescale and rescale with the static data), the 




We can observe, on Figure 5.1-6 & Figure 5.1-7, the variations of the density and the 
thermal expansion coefficient of pure silver with temperature. 
 
Figure 5.1-6: Variation of the Ag density with temperature  
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The Ag density keeps decreasing up to 1000 K, after which it remains constant. The 
minimum and maximum values are respectively 10480 and 11000 kg.m-3.  
 
Figure 5.1-7: Variation of the Ag linear thermal expansion coefficient with temperature 
 
The linear thermal expansion coefficient of pure silver varies between 1.35 10-5 to 1.87 
10-5 K-1. It keeps decreasing with temperature up to 800 K, after which it slowly increases 
up to 1000 K. Then, it finally strongly decreases up to 1200 K. Experimental data are in 
agreement with calculated values (1.89 10-5 K-1 and 10490 kg m-3) [67].  
We would have been able to calculate the variations f the lattice parameter with 
temperature by using the frozen phonon method. However, our final objective is to 
determine the evolution of the lattice parameter with temperature in the case of non pure 
compounds or non simple alloys, such as silver dope with 9% and 22% of tin oxide. 
And in this kind of case, calculation of the phonon curves is impossible. 
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5.1.3. Contact material properties study 
Based on the former ab initio results, we determined the variations amplitudes over a 
significant interval of temperatures for Ag density and thermal expansion. We obtained 
the variations amplitude for Ag surface tension by using equation 5.1. Then, taking into 
account these different amplitudes for each of the contact material properties, arc erosion 
simulations have been run by using extreme values of contact material properties in order 
to classify them by order of importance. 
 
Figure 5.1-8: Arc erosion model results for a low and a high surface tension coefficient of Ag 
 
Figure 5.1-8 shows the influence of the surface tension coefficient on arc erosion since a 
difference going up to 1.1 mg in the total amount of Ag material removed after one 
breaking operation at high current can be observed between the two cases: low & high 
surface tension coefficient cases. 
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Moreover, the jump of the low surface tension curve at 1000 A can be explained by 
the ejection of a molten droplet of big size through the splash erosion process. 
 
Figure 5.1-9: Arc erosion model results for a low and a high density of Ag 
 
From the arc erosion simulations where only the silver density has been changed, 
only a difference going up to 50 µg at high current can be observed (See Figure 5.1-9). 
This value is 22 times less than the maximum difference reported in the case of a change 
of the surface tension coefficient.  
Finally, arc erosion simulations have been conducted in which only the thermal 
expansion coefficient has been changed, and the results are plotted in Figure 5.1-10. 
Almost no differences can be noticed from these two series of points corresponding to a 
low and a high value of the thermal expansion coeffici nt. 
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Figure 5.1-10: Arc erosion model results for a low and a high thermal expansion coefficient of Ag 
 
Differences in contact material erosion mass in betwe n results from simulations using 
the maximum value of the contact material property and the results from simulations 
using its minimum value have been plotted on Figure 5.1-11 for the three contact material 
properties under study: density, thermal expansion and surface tension. The most 
important arc erosion mass differences can be observed, as expected, in the case of a 
surface tension coefficient change. The density and the thermal expansion are 
respectively following. Consequently, in the process of finding a good AgCdO substitute, 




Figure 5.1-11: Contact material properties influence on Ag arc erosion process 
 
A good choice of contact material with an appropriate surface tension coefficient can 
prevent some droplets from being ejected, thus reducing the amount of contact material 
removed by splash erosion. Density and thermal expansion do have effects and play an 
important role in the arc erosion process. So, they ave to be considered, but 
subsequently. 
 
5.2. Tin oxide composition influence 
Chapters 2 & 3 have demonstrated the major role played by the oxides in the 
contact material behavior in response to arcing. From the former section, a classification 
has been established and gives a ranking of the conta t material properties of interest as a 
function of their impact on the arc erosion phenomenon. Surface tension has been shown 
to be the most influential property. Nevertheless, ab initio calculations of the surface 
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tension coefficient as a function of the temperature for two different tin oxide 
compositions are beyond the scope of this study. Therefore, based on the former 
established classification, the second most influential property, the density, will be the 
object of the following work. 
 
5.2.1. Methodology 
Ab initio calculations have then been run to determine the density of AgSnO2 for two 
different tin oxide compositions 9 & 22 % and for three different temperatures: 800, 
1000, & 1200 K. To this end, the same methodology as the one used in the former section 
for ab initio calculations on a single phase contact material silver matrix has been applied 
to these ab initio calculations on AgSnO2. 
 




Figure 5.2-1 & Figure 5.2-2 respectively represent the AgSnO2 matrix of the two 
different tin oxide compositions tested: 9 & 22 %. 
 





Density results of the AgSnO2 ab initio calculations for the two different tin oxide 
compositions (9 & 22 %) and for three temperatures (800, 1000, & 1200 K) are plotted in 
Figure 5.2-3. These percentages correspond to the relative variations of the AgSnO2 
density with respect to its value for pure Ag calculated in the former section.  
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Figure 5.2-3: Relative variations of the AgSnO2 density with respect to its value for pure Ag for two 
different tin oxide compositions (9 & 22 %) and for three temperatures (800, 1000, & 1200 K) 
 
From Figure 5.2-3, it can be noticed that, as tin oxide composition of the contact material 
increases, the AgSnO2 density decreases. However, from Figure 5.1-9 it results that, as 
the density of the contact material decreases, the total amount of material removed by arc 
erosion is reduced. Therefore, the conclusion that can be drawn is that to raise the tin 
oxide composition of the AgSnO2 alloy reduces the amount of material removed by 
arcing and so enhances its arc erosion behavior. 
 
5.3. Conclusion 
The general validated macroscopic arc erosion model developed in Chapter 4 and 
ab initio calculations on an Ag matrix have been used to compare the influence of the 
contact material properties driving splash erosion on the arc erosion process. Those 
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simulations have resulted in the following ranking by order of their importance in the arc 
erosion process: Surface tension coefficient, density, thermal expansion, magnetic 
permeability. Thus, to select a material that will be subjected to an electrical arc, it is 
necessary to take into account the effects of its contact material properties on the arc 
erosion process, choosing therefore a material having suitable contact material property 
values with respect to the ranking formerly established. 
 
Furthermore, this ranking and some AgSnO2 ab initio calculations for two 
different tin oxide compositions have allowed us to draw conclusions and to give 
directives for the design of a good AgCdO substitute. Indeed, to raise the tin oxide 
composition of the AgSnO2 alloy reduces the amount of material removed by arcing and 
so enhances its arc erosion behavior. However, it damages the thermal and electrical 
properties of the contact material since tin oxide has smaller thermal and electrical 
conductivities than silver. Therefore, a compromise has to be made to find out the perfect 
contact material composition. Moreover, it has to be kept in mind that density is only the 
second most influential property behind the surface tension coefficient. Thus, restraint 
should be taken regarding this result until future works determine the influence of the 
oxide composition on the surface tension coefficient and allow conclusions to be drawn.  
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Over the past decades, a lot of scientists have been int rested in the challenge 
lying in the substitution of AgCdO. To address this issue, a material-by-design 
methodology has been elaborated based on multi-scale modelling, from the atomistic 
scale through ab initio calculations to the macroscopic scale through contact material arc 
erosion simulations, and on arc erosions experiments o  the material to substitute: 
AgCdO and on the best candidate material to its subtit tion: AgSnO2. This action plan 
has been defined in Chapter 1 in terms of research objectives whose achievements are 
detailed below. 
 
A general electrical arc erosion model describing the complete breaking operation 
has been developed. This model takes into account the two arc erosion modes: 
vaporization of contact material under heat coming from the electrical arc and ejection of 
molten metal droplets due to the molten bath agitation induced by the buoyancy force, the 
electromagnetic force, etc. Consequently, it gives the total amount of material removed 
after one contact opening at low and high currents.  
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This model has been validated at low current through a comparison with AgCdO 
experimental data from literature. Moreover, arc erosion experiments at high current on 
five AgCdO power switching devices have been conducted in order to test the model at 
high current. The electrical contacts have respectiv ly been subjected to one breaking 
operation under resistive load at 200, 400, 600, 800, & 1000 A. White light 
interferometry has been used to obtain the amount of material removed from the 
impacted samples. Model results have then been validated through a comparison with 
these experimental data. Therefore, this arc erosion m del is the first one to describe the 
whole breaking process and to be valid at low and high current. 
Other arc erosion experiments have been carried out on five AgCdO and five 
AgSnO2 power switching devices in order to understand the arc erosion behaviours of 
these two contact materials. For each of these two alloys, the samples have respectively 
been subjected to 1, 2, 3, 10, & 100 electrical arcs under resistive load at 400 A & 28 V 
DC. A Scanning Electron Microscope with an Energy-Dispersive x-ray Spectrometer 
(EDS) and a binocular microscope with high magnification have been used to analyze the 
impacted samples at the contact surface and in cut. 
A model based on two regimes has then been developed t  describe and explain 
AgCdO and AgSnO2 layer and surface dynamics. It consists in a transient state phase 
corresponding to the first few arcs where an accumulation of oxide particles can be 
noticed in the immediate surrounding of the contact surface, which results in an increase 
of the molten bath viscosity and of the contact resistance and in a decrease of the thermal 
and electrical conductivities. Then, with an increasing number of electrical arcs, the 
quasi-steady state phase occurs. It can be described as back and forth changes of the 
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contact material configuration around a stable configuration that causes the material 
properties to follow dampened oscillations around a nominal value, which corresponds to 
a stable configuration, from a morphological, compositi n, distribution and size point of 
view, of the contact material that the system tends to reach. Thus, this two-regimes model 
gives a better understanding of the specific arc erosion behaviours of AgCdO and 
AgSnO2. 
 Ab initio calculations and arc erosion simulations have been performed on silver 
in order to determine the influence of certain contact material properties on the arc 
erosion process. First, it has been found from arc erosion simulations, whose purpose was 
to study the forces contributions, that the arc erosion effects due to a change in magnetic 
permeability of the contact material can be neglected in comparison to the other 
contributions. Second, the intervals of variations f the silver density and of the thermal 
expansion coefficient over the same characteristic temperature range have been 
determined through ab initio calculations. Surface tension evolution as a functio  of 
temperature is known from literature. Finally, based on these results, arc erosion 
simulations have been run in order to determine the impact in terms of mass of removed 
material after arcing caused by such kind of variations. This resulted in the following 
classification: surface tension coefficient, density, thermal expansion, magnetic 
permeability. As a consequence, particular attention about this ranking will have to be 
taken when choosing the appropriate contact material o a power switching application 
Based on this former established ranking and becaus the study of the surface 
tension variations as a function of the temperature fo  different tin oxide compositions is 
beyond the scope of this work, the influence of a ch nge in tin oxide compositions on the 
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material density has been studied. To this end, ab initio calculations on two different tin 
oxide compositions of AgSnO2 (91/9 & 78/22) and for three different temperatures (800, 
1000, 1200 K), have been performed. The conclusion that has been drawn is that to raise 
the tin oxide composition of the AgSnO2 alloy reduces the amount of material removed 
by arcing and so enhances its arc erosion behavior. However, it damages the thermal and 
electrical properties of the contact material since tin oxide has smaller thermal and 
electrical conductivities than silver. Therefore, a compromise has to be made to find out 
the perfect contact material composition. 
 
To conclude, the proposed approach provides a tool to aid in the design of a good 
AgCdO substitute and to give directions, for instance, in terms of tin oxide composition 
in AgSnO2. Nevertheless, in order to go further in this process, different ways could be 
explored: 
- One conclusion was that to raise the tin oxide composition of the AgSnO2 alloy 
would reduce the amount of material removed by arcing and so would enhance its 
arc erosion behavior and, in the same time, would damage its thermal and 
electrical properties. Therefore, the impacts of the in oxide composition of 
AgSnO2 on the electrical and thermal conductivities could be examined. 
 
- From our study, the density of the contact materil is only the second most 
influential property behind the surface tension coeffici nt. Thus, in order to 
complete our examination, future works could determine the influence of the 
AgSnO2 tin oxide composition on the surface tension coefficient. 
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- It has been demonstrated that additives, such as Indium, can play an important 
role in the arc erosion behaviour of the alloy. As a consequence, the influence of 
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